Investigation of heavy metal tolerance genes in green algae is of great importance because heavy metals have become one of the major contaminants in the aquatic ecosystem. In plants, accumulation of heavy metals modifies many aspects of cellular functions. However, the mechanism by which heavy metals exert detrimental effects is poorly understood. In this study, we identified a role for HO-1 (encoding heme oxygenase-1) in regulating the response of Chlamydomonas reinhardtii, a unicellular green alga, to mercury (Hg). Transgenic algae overexpressing HO-1 showed high tolerance to Hg exposure, with a 48.2% increase in cell number over the wild type, but accumulated less Hg. Physiological analysis revealed that expression of HO-1 suppressed the Hginduced generation of reactive oxygen species. We further identified the effect of carbon monoxide (CO), a product of HO-1-mediated heme degradation, on growth and physiological parameters. Interestingly, administration of exogenous CO at non-toxic levels also conferred the tolerance of algae to Hg exposure. The CO-mediated alleviation of Hg toxicity was closely related to the lower accumulation of Hg and free radical species. These results indicate that functional identification of HO-1 is useful for molecular breeding designed to improve plant tolerance to heavy metals and reduce heavy metal accumulation in plant cells.
Introduction
Heavy metals such as cadmium (Cd), mercury (Hg) and lead (Pb) have been become increasing environmental concerns because of their significant release into ecosystems via naturally occurring and anthropogenic activities such as mining and application of fertilizers and Hg-containing fungicides to soils (Chen et al. 2009b) . Heavy metals are not biodegradable, tend to accumulate in organisms and, as a consequence, pose a threat to human health. Hg is one of the heavy metals most toxic to plants (Patra and Sharma 2000) . Release of Hg-containing compounds into the environment has resulted in widespread contamination and ecotoxicity (Han et al. 2002 , Larssen 2010 . Previous studies have demonstrated that Hg is readily accumulated not only in terrestrial plants (Cho and Park 2000 , Israr et al. 2006 , Lomonte et al. 2010 ), but also in aquatic organisms (Kamal et al. 2004 , Bodaly et al. 2007 ). Overload of Hg in plants affects a variety of biological processes such as disruption of water flow and modulation of chloroplast structure (Chen et al. 2009a , Chen et al. 2009b . Compared with other non-essential heavy metals such as Cd, Hg can induce more severe oxidative stress by triggering production of reactive oxygen species (ROS) (Clements 2001) and damage macromolecules (Heidenreich et al. 2001 , Cargnelutti et al. 2006 . At the molecular level, excess Hg induces expression of an array of genes for antioxidation (Elbaz et al. 2010) . However, in comparison with other heavy metals (e.g. Cd, Cu, Ni and Zn), whose phytotoxicity in plants has been well described, the biological mechanisms for plant tolerance to Hg and the regulation of metabolic pathways under Hg stress are less documented.
Heme oxygenase-1 (HO, EC 1.14.99.3) is a ubiquitous enzyme catalyzing degradation of heme to produce carbon monoxide (CO), free iron and biliverdin IXa (Kikuchi et al. 2005) . In mammals, its major role is correlated with hemoglobin degradation, iron homeostasis and the antioxidant machinery by means of its product biliverdin (Ryter et al. 2002) . HO-1 loss-of-function mouse cells display a hypersensitivity to oxidative stress (Poss et al. 1997) . Conversely, increased expression of HO-1 has protective actions against injury in vascular tissues (Zhang et al. 2002) . In plants, HO-1 is induced by environmental stimuli such as pro-oxidant compounds and heavy metals (Baudouin et al. 2004 , Balestrasse et al. 2006 , Elbaz et al. 2010 . To date only a few of reports have demonstrated that HO-1 is directly involved in regulating heavy metal-induced ROS stress and plants' tolerance to oxidative injury (Noriega et al. 2004 , Shen et al. 2011 ). The precise nmechanism by which HO-1 mediates plant adaptation to environmental stimuli (e.g. heavy metals and other organic xenobiotics) remains to be elucidated.
CO is endogenously generated by HO-1 and recognized as an important signaling molecule involved in various biological events in organisms (Dulak and Jozkowica 2003) . In mammalian cells, CO exerts significant effects on many metabolic pathways including inhibition of the inflammatory response, prevention of cell apoptosis and regulation of cell proliferation (Otterbein et al. 2000 , Dulak and Jozkowica 2003 , de la Rosa et al. 2008 . Exogenous CO was reported to modulate the abundance of mitochondrial ROS via inhibition of Cyt c oxidase or non-mitochondrial ROS signaling through inhibition of NADPH oxidases (Piantadosi 2008) . Evidence has also been provided that CO is endogenously generated in plants and serves as an essential second messenger mediating seed germination (Dekker and Hargrove 2002) , root branching (Guo et al. 2008 , Guo et al. 2009 ), iron homeostasis (Kong et al. 2010 ) and intracellular responses to environmental xenobiotics including heavy metals (Elbaz et al. 2010 , Shen et al. 2011 . However, the coordinated action of HO-1 and CO in regulating heavy metal accumulation and toxicity is poorly understood. In view of the biological function of HO-1 in regulating plant response to heavy metals, a genetic study was performed on the effects of HO-1 on alga growth and tolerance to Hg exposure. Chlamydomonas reinhardtii was employed as the test organism because it represents a model green alga and is frequently used for studying the toxicology of heavy metals. Thus, the objective of this study is to achieve a better understanding of the means by which HO-1 regulates algal adaptation to Hg stress and estimate bioaccumulation of the heavy metal. Also, this work will provide a basis for molecular breeding designed to improve algal tolerance to heavy metals and reduce heavy metal accumulation in plant cells.
Results

Expression of HO-1 confers algal tolerance to Hg stress
To understand the role of HO-1 in regulating plant tolerance to Hg toxicity, C. reinhardtii HO-1 expression vectors driven by the HSP70A promoter were constructed and introduced into C. reinhardtii strains. We simultaneously constructed an RNAi::HO-1 expression vector driven by the Cauliflower mosaic virus (CaMV) 35S promoter and also transformed it into C. reinhardtii. Analysis of HO-1 expression in transformants revealed that the transgenic algae carrying pHSP70A::HO-1 had 4.34-and 2.86-fold increases in HO-1 expression compared with the wild type (WT) and vector, respectively (Fig. 1A) . This could be the result of algal culture under light conditions, as the HSP70A promoter can be induced by both heat shock and light (Schroda et al. 2000) . In contrast, transcripts of HO-1 in RNAi::HO-1-transformed algae were decreased to 36.3 and 23.9% of those of the WT and vector, respectively. The pattern of expression was confirmed by the HO-1 activity (Fig. 1B) .
The transgenic algae overexpressing HO-1 showed no change in cell shape comparied with the WT under control or Hg-treated conditions, but displayed significantly improved growth by increasing the cell number by 48.2% under Hg in the absence or presence of Hg. Algae were grown for 3 d and then transferred to fresh culture containing 4 mM Hg for 3 h. After that, total RNAs were extracted and transcripts were assayed using qRT-PCR (A) or HO1 activity was assayed (B). 18S rRNA was used for cDNA normalization. Vertical bars represent the standard deviation (n = 3). An asterisk indicates a significant difference between pHSP::HO1/ RNAi::HO1 and WT/vector (P < 0.05). exposure ( Fig. 2A) . In contrast, the RNAi::HO-1-transformed algae showed a reduced cell number under Hg stress. Hg accumulation was further determined in the cells. The pHSP70A::HO-1 algae showed significantly lower Hg concentrations compared with the WT algae (Fig. 2B) . In contrast, the concentration of Hg was significantly higher in RNAi::HO-1 cells. These results suggest that HO-1 can confer tolerance to Hg to the alga.
Overexpression of HO-1 improves antioxidative capacity in algae
To investigate whether HO-1 has an antioxidative capability, we first performed histochemical staining with 2 0 ,7 0 -diaminofluorescein-diacetate (DCF-DA), by which the major ROS O ÀÁ 2 and H 2 O 2 are visualized. Cells carrying pHSP70A::HO-1 showed a very low intensity of fluorescence, whereas transgenic cells with RNAi::HO-1 displayed a high intensity of fluorescence compared with the WT (Fig. 3A, B) . These results indicate that expression of HO-1 can depress the generation of O ÀÁ 2 and H 2 O 2 . Because overgeneration of ROS is closely related to the oxidative damage to plant cells (Zhou et al. 2008) , the lipid peroxides were determined, expressed as thiobarbituric acid-reactive substances (TBARS). The transgenic algae overexpressing HO-1 showed significantly lower levels of TBARS under Hg exposure, with only 76.7% of the levels of the WT (Fig. 3C) , indicating that expression of HO-1 attenuated the oxidative injury to the Hg-treated cells. However, the RNAi::HO-1 cells showed only a slight but non-significant increase in peroxide accumulation.
CO improves algal growth under Hg exposure
CO is one of the products of heme degradation by HO-1. A preliminary experiment with CO at 0-80 mM was carried out using Hg-treated cells. CO at 10-80 mM significantly promoted cell growth, and the maximum effect was found at 40 mM, where the cell number was increased 5.5-fold compared with the control (Hg treatment alone) (Fig. 4A) . The growth of algae was also greatly improved by CO in a time-dependent manner ( Fig. 4B) . We further determined Chl, a biomarker reflecting the status of algal growth. As shown in Fig. 4C , administration of CO at 20-80 mM significantly increased the Chl content in Hg-exposed cells. Moreover, treatment with 40 mM CO significantly reduced Hg accumulation in C. reinhardtii (Fig. 4D ).
CO confers algal tolerance to Hg-induced oxidative stress Exposure of C. reinhardtii to 4 mM Hg induced a significantly increased amount of TBARS (Fig. 5A) . However, the TBARS were decreased by 83.8% in the cells with 40 mM CO as compared with Hg treatment alone. Proline was measured because it is accumulated at high levels in algae under heavy metal exposure (Zhang et al. 2008 , Zhou et al. 2008 . Algae accumulated proline when exposed to Hg (Fig. 5B) . Also, the Hg-induced accumulation of proline could be greatly reduced by CO treatment.
To understand further the regulatory role of CO at a molecular level, we additionally determined DNA degradation, a hallmark of cellular programmed cell death (PCD) in organisms, which is frequently used to monitor molecular injury (Van Doorn and Woltering 2005) . No DNA laddering was detected in the control cells (Fig. 6A , lane 1). Treatment with Hg at 2-6 mM progressively induced DNA degradation, but the Hg-triggered DNA laddering could be greatly attenuated by exposure to 40 mM CO (Fig. 6B ).
Effect of CO on activities of antioxidant enzymes
Because Hg-induced oxidative stress in plants results from the generation of ROS (Zhou et al. 2008) , it is necessary to examine the antioxidant enzymes responsible for the removal of O ÀÁ 2 and H 2 O 2 . However, in most cases, these enzymes are considered as biomarkers indicating the degree of oxidative stress, as their activities or gene expression are usually activated under oxidative stress (Wang et al. 2005 , Zhou et al. 2008 , Elbaz et al. 2010 ). The total activity of superoxide dismutase (SOD) was increased upon exposure of algae to 4 mM Hg, while SOD activities were slightly but not significantly reduced in the cells with 40 mM CO (Fig. 7A) . In contrast, the activity of catalase (CAT) was reduced in the presence of Hg and treatment with CO reduced significantly this in the cells (Fig. 7B) . Exposure of algae to Hg induced ascorbate peroxidase (APX) activity, but concomitant treatment with CO reduced this activity to the basal level (Fig. 7C) . These results indicate that the activity of antioxidant enzymes as stress biomarkers can be attenuated by CO treatment.
Effect of CO on Chl fluorescence in Hg-treated algae
The F v /F m ratio is one of the major parameters representing Chl fluorescence emission of photosynthetically active organisms, that originates mainly from Chl a molecules of PSII and is frequently used as an indicator of heavy metal stress (Mallicka and Mohn 2003) . Under normal conditions, the F v /F m value was unchanged (Fig. 8A) . Treatment with 4 mM Hg significantly reduced the F v /F m ratio. Although during the initial 48 h of Hg exposure the algae with CO showed a progressive decrease in F v /F m values, the ratio was rapidly increased thereafter and reached the level of the control by 72 h, by which time the algae had completely recovered.
Photosynthetic electron transport rates (ETRs) are calculated from Chl fluorescence parameters and can be used for studying adaptation to light intensity, photosynthetic productivity and responses to abiotic stresses (White and Critchley 1999) . We compared the maximal electron transport rate (ETR max ) between the Hg-and Hg + CO-treated algae. The cells show a progressive decrease in ETR max throughout the experiment under Hg exposure (Fig. 8B) . In the Hg + COtreated cells, however, rapid recovery was observed after 12 h of the experiment. At 48 h, the ETR max value in Hg + COtreated cells had recovered to the basal level of the control.
Discussion
In this study, we present genetic evidence that HO-1 plays a protective role in the growth of C. reinhardtii under Hg stress. Our study shows that overexpression of HO-1 confers algal tolerance to excess Hg, whereas silencing of HO-1 results in adverse effects on algal growth. The HO-1-mediated improvement of algal growth is correlated with the decrease in cellular Hg accumulation. Importantly, overexpression of HO-1 can counteract Hg-induced oxidative stress including accumulation of peroxide and activation of antioxidant enzyme activities. Such effects were validated by the fluorescence staining for ROS and DNA fragments in the cells. Notably, the pHSP70A::HO-1 algae accumulated less Hg than the WT. As a consequence, the algal growth was greatly improved under Hg exposure. One possible mechanism for this is that HO-1 can attenuate Hg-induced oxidative stress and increase antioxidative capacity. Thus, the improved integrity of the cell membrane is most likely to prevent Hg from loading into the cells. In mammals HO-1 regulates physiological responses to an array of diseases (Poss and Tonegawa 1997, Ryter et al. 2002) , for which HO-1 has been implicated in antioxidation in various cell types (Zhang et al. 2002 , Datla et al. 2007 . HO-1 is also shown to mediate nitrogen metabolism under salt stress in soybean (Zilli et al. 2008) . Furthermore, HO-1 activation under UV-B stress involved the enhancement of HO-1 transcripts in soybean against the oxidative stress (Yannarelli et al. 2006) . Recently, regulation by HO-1 of both human cells and rapeseed (Brassica napus) plants in response to heavy metals has been attributed to the specific cis-elements upstream of the HO-1 gene (Sikorski et al. 2006 , Koizumi et al. 2007 , Shen et al. 2011 ). In B. napus, diverse cis-elements have been identified in the promoter region of BnHO-1, including those of light response, heat, drought, wounding, ABA, methyl jasmonate, gibberellin, salicylic acid, auxin, and other abiotic and hormone responses (Shen et al. 2011 ). Thus, HO-1 appears to be a general stress-responsive gene with multiple functions mediating plant responses to various stresses.
Overexpression of HO-1 can accelerate the degradation of heme to CO, biliverdin IXa and free ferrous iron, a multistep process catalyzed by HO-1 (Kikuchi et al. 2005) . The ubiquitous gas CO has become biologically important in recent years because it is involved in many physiological processes (Dekker and Hargrove 2002 , Guo et al. 2008 , Kong et al. 2010 . One role for CO is its regulation of plant tolerance to heavy metals (Meng et al. 2011 , Shen et al. 2011 ). The possible process may be attributed to the mechanism by which CO blocks the generation of heavy metal-induced ROS. H 2 O 2 and O ÀÁ 2 have been found to be generated in Hg-treated algae (Fig. 3) and other plants (Zhou et al. 2008 , Chen et al. 2009a , Elbaz et al. 2010 . CO can suppress the generation of the active oxygen molecules, because the generation of H 2 O 2 or O ÀÁ 2 induced by Hg was attenuated by CO exposure (Fig. 3) . This observation is supported by the evidence from mammalian cells, where CO was shown to regulate many redox reactions by interacting with heme-containing proteins such as Cyt c oxidase, Cyt P450 and tryptophan dioxygenase (Piantadosi 2008) . One pathway may be that CO blocks ROS generation through targeting NADPH oxidase, a heme-containing and ROS-generating enzyme (Boczkowski et al. 2006 ). Alternatively, CO may induce the production of antioxidants that also alleviate oxidative stress (Dulak and Jozkowica 2003) . It is apparent that CO also acts like an efficient ROS scavenger. Thus far, only few data are available on the protective role of CO against oxidative stress, although it is well documented that CO provides potent cytoprotective effects in animal cells (Otterbein et al. 2000) . It is possible that the observed increases in H 2 O 2 or O ÀÁ 2 under Hg stress accounted for the cellular lipid peroxidation or plasma membrane injury. This phenomenon was closely associated with the results of increased TBARS production and DNA degradation (Figs. 5, 6 ). Treatment with exogenous CO was able to prevent the process. This result, along with Chl fluorescence parameters, by which CO greatly improved the yield of photochemical reactions and photosynthetic efficiency in PSII, indicates that CO can confer tolerance of the cell to Hg stress.
Degradation of heme is expected to release numerous free irons, which may be toxic to cells because excess free iron gives rise to hydroxyl radicals and induces oxidative stress (Ryter et al. 2000) . However, plants may develop strategies for iron homeostasis by regulating intracellular iron storage proteins (e.g. ferritin) or segregating iron in subcellular compartments Fig. 6 CO attenuation of Hg-induced DNA degradation in C. reinhardtii (FACHB-479). Algae were grown for 3 d and then transferred to fresh culture with 0, 1, 2, 4 or 6 mM Hg for 6 h (A) or 40 mM CO for 30 min, followed by exposure to 4 mM Hg for 6 h (B). CK, control (Hg free). (Schmidt 1999) . Sequestration of free iron under metal stress suggests enhanced resistance to oxidative stress (Ferris et al. 1999) . With excess Hg(II), CO may interact with the ionic metals, because CO has a high affinity for bivalent heavy metals such as Fe(II) (Watts et al. 2003) . Further investigation of CO depression of Hg toxicity under iron-abundant conditions will provide insights into the regulatory process.
In conclusion, the biological identification of HO-1 is fundamentally important. This allowed us to understand the primary role of HO-1 in molecular regulation of plant tolerance to heavy Fig. 7 Effect of CO on SOD (A), CAT (B) and APX (C) activities in C. reinhardtii (FACHB-479) exposed to Hg. Algae were pre-treated with 40 mM CO for 30 min and then exposed to 4 mM Hg for 6 h. After that, the enzyme activities were assayed (A, B and C). CK, control (Hg free). Vertical bars represent the standard deviation (n = 3). An asterisk indicates a significant difference between Hg + CO and Hg (P < 0.05). Algae were pre-treated with 40 mM CO for 30 min and exposed to 4 mM Hg for 6 h. After that, the F v /F m ratio (A) and photosynthetic electron transport rates (ETRs) (B) were measured. Vertical bars represent the standard deviation (n = 3). An asterisk indicates a significant difference between Hg + CO and Hg (P < 0.05).
metals. More importantly, Hg-induced generation of ROS can be attenuated by HO-1 expression. This may be the result of the interaction of CO with Hg or the high affinity of CO for the bivalent heavy metal. Alternatively, expression of HO-1 or treatment with CO may reduce the abundance of Hg-induced free radicals through other pathways such as nitric oxide (NO). Recent studies have demonstrated that interaction of CO and NO is involved in regulating iron metabolism (Watts et al. 2003 , Kong et al. 2010 ) and other physiological responses (Reiter and Demple 2005) in animals and plants. NO as a biological radical can directly interact with ROS, inhibit lipid peroxidation and serve as an antioxidant at low levels during biotic and abiotic stresses (Boveris et al. 2000 , Neill et al. 2002 , Wang and Yang 2005 . However, at high levels, NO readily reacts with superoxide (O ÀÁ 2 ) to form peroxynitrite (ONOO À ), which serves as a strong oxidant capable of oxidizing lipids, proteins and DNA (Reiter and Demple 2005) . In this case, CO may counteract NO activity to suppress the downstream physiological responses to Hg-induced oxidative stress.
Materials and Methods
Algal culture and treatment
The eukaryotic alga C. reinhardtii (strain, FACHB-479) was grown under conditions of 72 mmol photons m À2 s À1 photosynthetically available radiation in a 12 : 12 h light/dark cycle at 27 ± 2 C and pH 7.0, as described previously (Zhang et al. 2008) . A cell wall-deficient C. reinhardtii strain (CC-503 cw92 mt+) was used for transformation and grown under the same conditions as described above. The exponentially growing culture was used for all experimental analyses. Unless indicated elsewhere, the algae were pre-incubated with 1, 10, 20, 40 or 80 mM CO for 30 min before 4 mM mercuric chloride was added to the medium. Purified CO gas was forced through a 3 mm (i.d.) glass tube into 500 ml of water in an open tube for 15-20 min until water was saturated with CO. The CO-containing solution was immediately quantified using the spectrophotometrical method described previously (Guo et al. 2008) . Then, the prepared solution was diluted to pre-determined concentrations. The culture solution with Hg was changed daily. For cell counting, algae were fixed with Lugol's iodine solution and counted with a hemocytometer under a light microscope.
Determination of Chl and oxidative metabolites
The treated cells were collected by centrifugation at 5,000 Â g for 5 min. Chl was extracted with 80% methanol and quantified by reading the absorbance at 650 and 665 nm (Mackinney, 1941) . Lipid peroxide was determined in terms of TBARS, and proline accumulation in C. reinhardtii was determined by the method described previously (Zhou et al. 2008) .
Analysis of intracellular ROS generation using DCF-DA was carried out by the method described previously (Guo et al. 2008) . Algae were incubated in darkness for 1 h in medium containing 10 mM DCF-DA and washed twice with fresh medium. The algae were then pre-incubated with 40 mM CO and/or 4 mM Hg for 30 min. After that, they were immediately visualized (excitation 488 nm and emission 525 nm) by a fluorescence microscope (Axio Imager. A1, Zeiss). The exposure time for detection was 600 ms, with a linear display (Software: AxioVision Rel 4.6, Zeiss).
Assay of enzyme activities
Cells were harvested by centrifugation and suspended in 3 ml of ice-cold potassium phosphate buffer solution (50 mM, pH 7.0) containing 0.2 mM EDTA, 1.0% (w/v) polyvinylpyrrolidone (PVP), with addition of 5 mM ascorbate in the case of APX assay. The cells were sonicated (algae were ground in the case of the CAT assay). The homogenate was centrifuged at 10,000 Â g at 4 C for 20 min. The supernatant was used as the crude extract for enzyme activity assay. SOD (EC 1.15.1.1) activity was assayed by measuring the inhibition of photochemical reduction of nitroblue tetrazolium (NBT); CAT (EC 1.11.1.6) activity was measured by following the decay of H 2 O 2 absorbance at 240 nm, and APX (EC 1.11.1.1) was evaluated by monitoring the decrease in absorbance of ascorbate at 290 nm (Zhou et al. 2008 ). HO-1 activity was assayed in a 200 ml reaction mixture containing 10 mM hemin, 0.15 mg ml À1 bovine serum albumin, 4.2 mM ferredoxin, 0.025 m ml À1 ferredoxin-NADP reductase and 40 ml of enzyme extract. The activity was evaluated by monitoring the absorbance change at 650 nm (Muramoto et al. 2002) .
Transformation of algae
A 920 bp HO-1 sequence was amplified by PCR using the sense primer 5 0 -CATGCCATGGATGCTTCTGTCCTCTCGATC-3 0 and the antisense primer 5 0 -GAAGATCTTCAATCATATGCCCGCC AGC-3 0 . The PCR product was cloned into the NcoI/BglII sites of the pCAMBIA1304 vector. The Chlamydomonas HSP70A promoter was used to drive HO-1 transcription. A 320 bp fragment of the HSP70A promoter was cloned by PCR using primers 5 0 -C CCAAGCTTCATATGTCTGCGTGACGG-3 0 and 5 0 -CATGCCAT GGCCTCCTTGCCCATGTTTA-3 0 . The PCR product was cloned into the HindIII/NcoI sites of the pCAMBIA1304-HO-1 vector.
For construction of the RNAi::HO-1 vector, a 413 bp fragment of HO-1 was amplified by PCR using primers 5 0 -GACTA GTCTGCCGACATTGCCTGGAT-3 0 and 5 0 -GAAGATCTGCCTC TTGCTTTATGCCTC-3 0 , and the PCR product was cloned in forward and reverse orientations into the SpeI/BglII sites of the pCAMBIA1304-HO-1 vector with a GUS (b-glucuronidase) reporter gene driven by a CaMV 35S promoter; C. reinhardtii was transformed by the glass bead method described previously (Kindle et al. 1990 ). GUS histochemical assay was performed according the method of Jefferson et al. (1987) .
Analysis of transcripts by quantitative real-time reverse transcription-PCR (RT-PCR)
Total RNA was extracted from cells using Trizol (Invitrogen). Reverse transcription was performed at 42 C in a 25 ml reaction mixture including 3 mg of RNA, 0. 
DNA extraction and gel electrophoresis
Cells were homogenized with liquid nitrogen. The samples were incubated at 65 C in 600 ml of cetyltrimethylammonium bromide (CTAB) extraction buffer [2% (w/v) CTAB, 1.4 M NaCl, 20 mM EDTA, 1% (w/v) PVP-40, 100 mM Tris-HCl pH 8.0] for 15 min and genomic DNA was isolated. For visualization of DNA laddering, the DNA samples (2.5 mg) were separated on a 1.5% agarose gel (Murray et al. 1980 ).
Mercury measurement
The dried samples were digested with nitric acid and hydrogen peroxide (HNO 3 : H 2 O 2 , 4 : 1, v/v). The sample Hg was quantified using inductively coupled plasma-atomic emission spectrometry (ICP-AES) (Optimal 2100DV, Perkin Elmer Instruments).
Analysis of Chl fluorescence of PSII
Chl fluorescence of PSII of algae was determined using a PHYTO-PAM Phytoplankton Analyzer. Cells were first kept in darkness for 5 min. This step was to reduce PSII to a constant fluorescence level (F 0 ). After measuring the initial fluorescence (F 0 ), the maximal fluorescence (F m ) was determined using a saturating pulse of 8,000 mmol m À2 s À1 for 0.7 s. The variable fluorescence (F v ) was calculated from the formula, F v = F m À F 0 . The maximum quantum yield (F v /F m ) was calculated according to a previously published method (Genty et al. 1989) .
For the sake of comparison, the same absorptivity was assumed for a phytoplankton suspension: the ETR = Yield Â PAR Â 0.5 Â 0.84 (mmol electrons m À2 s À1 ). ETR max represents the maximal electron transport rate. However, before taking all these measurements, the background signal of the filtrate (offset) was measured and the absolute values for different measurements were calculated by subtracting the measured values of filtrate from the measured values of algal suspension.
Statistical analyses
All experiments in the study were independently performed three times. The data shown in the figures were the mean of three replicate treatments (means ± SD). The significance of differences between the control and treatments was statistically evaluated by SD and Duncan's test methods (P < 0.05).
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